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Abstract
The quartic gauge boson couplings that identify the strengths of the gauge boson self-interactions
are exactly determined by the non-Abelian gauge nature of the Standard Model. The examination
of these couplings at ep collisions with high center-of-mass energy and high integrated luminosity
provides an important opportunity to test the validity of the Standard Model and the existence of
new physics beyond the Standard Model. The quartic gauge boson couplings can contribute directly
to multi-boson production at colliders. Therefore, we examine the potential of the process ep →
νeW
+W−j at the Large Hadron Electron Collider and the Future Circular Collider-hadron electron
to study non-standard WWWW couplings in a model independent way by means of the effective
Lagrangian approach. We present an investigation on measuring W+W− production in pure
leptonic and semileptonic decay channels. In addition, we calculate the sensitivity limits at 95%
Confidence Level on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings obtained
by dimension-8 operators through the process ep → νeW+W−j for the Large Hadron Electron
Collider and the Future Circular Hadron Electron Collider’s different center-of-mass energies and
integrated luminosities. Our results show that with the process ep → νeW+W−j at the Large
Hadron Electron Collider and the Future Circular Collider-hadron electron the sensitivity estimated
on the anomalous WWWW couplings can be importantly strengthened.
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I. INTRODUCTION
Since the Large Hadron Collider (LHC) began to receive data, there is no significant
deviation from the Standard Model (SM). Instead, with the ultimate discovery of the ap-
proximately 125 GeV Higgs boson at the LHC in 2012, the SM has achieved an important
success [1, 2]. Even so, new physics beyond the SM is needed to clarify the deficiencies of
the SM such as neutrino oscillations, the strong CP problem, and matter-antimatter asym-
metry. The examination of the gauge boson self-interactions is important for the precise
testing of SM and new physics research beyond the SM. Thus, it is possible to carry out
different measurements in processes involving multi-boson production in colliders with high
center-of-mass energy and high luminosity. However, contributions to the quartic gauge
boson couplings in the SM that can arise from new physics can be explained in a model
independent way through the effective Lagrangian approach that is parameterized by high
dimensional operators. These operators that define the anomalous quartic gauge boson cou-
plings are based on the non-linear or linear representation realization of the gauge symmetry
[3, 4].
It is assumed that there is no Higgs boson at low energy spectrum in the non-linear
representation. Besides, with the discovery of the Higgs particle, a linear representation of
gauge symmetry that broken by the conventional Higgs mechanism is probable. Therefore,
in linear representation, the lowest order operators that define the possible deviations of the
quartic gauge boson couplings from the SM are dimension-8 [5]:
Leff =
2∑
i=1
fSi
Λ4
OSi +
∑
j=0,1,2,5,6,7,8,9
fTj
Λ4
OTj +
7∑
k=0
fMk
Λ4
OMk, (1)
where the On operators possess fn couplings and Λ is a characteristic scale. There are 17
different operators that define the anomalous quartic gauge boson couplings. The indices
S, T, and M of the operators depict three different class: operators including only DµΦ,
operators containing DµΦ and field strength and operators exhibiting four field strength
tensors.
The first class has two independent operators as follows
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OS0 = [(DµΦ)
†DνΦ]× [(DµΦ)†DνΦ], (2)
OS1 = [(DµΦ)
†DµΦ]× [(DνΦ)†DνΦ], (3)
where Φ is Higgs doublet field.
The eight operators of second class are given by
OM0 = Tr[WµνW
µν ]× [(DβΦ)†DβΦ], (4)
OM1 = Tr[WµνW
νβ]× [(DβΦ)†DµΦ], (5)
OM2 = Tr[BµνB
µν ]× [(DβΦ)†DβΦ], (6)
OM3 = Tr[BµνB
νβ ]× [(DβΦ)†DµΦ], (7)
OM4 = [(DµΦ)
†WβνD
µΦ]× Bβν , (8)
OM5 = [(DµΦ)
†WβνD
νΦ]× Bβµ, (9)
OM6 = [(DµΦ)
†WβνW
βνDµΦ], (10)
OM7 = [(DµΦ)
†WβνW
βµDνΦ]. (11)
Here, Wµν and Bµ that are the electroweak field strength tensors are given as follows
Wµν =
i
2
gτ i(∂µW
i
ν − ∂νW iµ + gǫijkW jµW kν ),
Bµν =
i
2
g′(∂µBν − ∂νBµ), (12)
where e stands for the unit of electric charge and θW is the Weinberg angle, τ
i(i = 1, 2, 3)
represents the SU(2) generators, g and g′ are coupling constant of U(1) and SU(2), respec-
tively.
The final class is expressed as follows
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OT0 = Tr[WµνW
µν ]× [WαβW αβ ], (13)
OT1 = Tr[WανW
µβ]× [WµβW αν ], (14)
OT2 = Tr[WαµW
µβ]× [WβνW να], (15)
OT5 = Tr[WµνW
µν ]× BαβBαβ , (16)
OT6 = Tr[WανW
µβ]× BβµBαν , (17)
OT7 = Tr[WαµW
µβ]× BβνBνα, (18)
OT8 = [BµνB
µνBαβB
αβ], (19)
OT9 = [BανB
µβBβνB
να]. (20)
Table I shows the changes in the quartic gauge boson couplings in the SM caused by the
above operators.
Many studies have been carried out for processes involving the anomalous quartic gauge
boson couplings via dimension-6 and dimension-8 operators [6–34]. However, in this study,
we consider LM0, LM1, LM7, LS0, LS1, LT0, LT1 and LT2 effective Lagrangians which con-
tribute to the anomalous quartic WWWW couplings. As can be seen in Table I, fM0
Λ4
, fM1
Λ4
,
fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings can be examined via LM0, LM1, LM7, LS0, LS1,
LT0, LT1 and LT2 effective Lagrangians, respectively.
In the literature, the ATLAS Collaboration at the LHC has been investigated fS0
Λ4
and fS1
Λ4
couplings for triboson production in two decay channels [35]. In Ref. [36], the sensitivity
limits on fS0
Λ4
and fS1
Λ4
couplings have been examined at 99% Confidence Level for
√
s = 14
TeV through the reaction pp→ jje±µ±νν. As can be seen from the results of Snowmass, the
sensitivity limits on fT0
Λ4
coupling with 95% Confidence Level in pure leptonic channel through
the triboson production have been studied [37]. In Ref. [38], fS0
Λ4
, fS1
Λ4
and fT0
Λ4
couplings have
been investigated through the process pp→ WWW at the LHC with √s = 14 TeV and at
the future hadron colliders with
√
s = 100 TeV. All of the obtained limits on the anomalous
fS0
Λ4
, fS1
Λ4
and fT0
Λ4
couplings in these studies are given in Table II.
Because of high background arising from QCD interactions, pp colliders such as LHC may
not be convenient for the precise measurements. A cleaner environment compared to the
LHC can provide with ep colliders. Therefore, new physics beyond the SM can be examined
with ep colliders with high center-of-mass energy and high luminosity. The Large Hadron
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electron Collider (LHeC) [39] and Future Circular Collider-hadron electron (FCC-he) [40]
are planned for the new generation ep colliders in the near future projects. The future ep
colliders are considered to produce electron-proton collisions at center-of-mass energies from
1.30 TeV to 10 TeV.
This study presents a research on di-boson production through discovering the potential
of measuring W+W− final state with full leptonic decay and semileptonic decay channels
at 1.30,1.98 TeV LHeC and 7.07,10 TeV FCC-he and examining the anomalous quartic
WWWW coupling.
The remaining part of the study is planned as follows: in the following Section, the cross
sections of the process ep → νeW+W−j at the LHeC and the FCC-he are obtained. We
focus model independent sensitivity estimates on the anomalous quarticWWWW couplings
in Section III. Conclusions are discussed in Section 4.
II. THE CROSS SECTION OF THE PROCESS ep→ νeW+W−j
In the production of signal process, the effective Lagrangians with the anoma-
lous quartic couplings are implemented to FeynRules package [41] and embedded into
MadGraph5−aMC@NLO [42] as a Universal FeynRules Output [43]. For parton distribu-
tion functions, the CTEQ6L1 is adopted [44]. In order to investigate the possibilities of ep
colliders as an option to sensitivity estimates on the anomalous quartic WWWW couplings,
we concentrate ep→ νeW+W−j signal processes. Here, we apply the following set of cuts in
order to suppress the backgrounds and enhance the signal in the process ep → νeW+W−j
including the anomalous quartic WWWW vertex. For pure leptonic decay channel, these
cuts are given by
pTj > 20GeV, pTℓ > 10GeV, (21)
|ηj | < 5, |ηℓ| < 2.5, (22)
∆R(l, l) > 0.4,∆R(j, l) > 0.4 (23)
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For semileptonic decay channel, applied cuts are
pTj > 20GeV, pTℓ > 10GeV, (24)
|ηj | < 5, |ηℓ| < 2.5, (25)
∆R(j, l) > 0.4,∆R(j, j) > 0.4, (26)
where η is the pseudorapidity, pT and ∆R are the transverse momentum and the separation
of the final state particles, respectively.
In the LHeC and the FCC-he, W+W− production can be generated via the process ep→
νeW
+W−j, the schematic diagram of this process is represented in Fig. 1. For pure leptonic
decay channel, the total Feynman diagram of the process ep → νeW+W−j → νeℓ+νℓℓ−νℓj
is 308, while the process ep → νeW+W−j → νeℓ+νℓ jjj with semileptonic decay channel
has 310 Feynman diagrams. For pure leptonic and semileptonic decay channels, as shown in
Figs. 2-9, the total cross sections of the process ep→ νeW+W−j in terms of the anomalous
fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings for the LHeC and the FCC-he are
displayed. The results demonstrate a clear dependence of the cross section of the process
ep → νeW+W−j with respect to the anomalous quartic couplings and the center-of-mass
energies of the LHeC and the FCC-he.
The cross section of signals for a certain value of the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
,
fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
parameters after cuts given in Eqs. 21-26 of the processes ep →
νeW
+W−j → νeℓ+νℓℓ−νℓj and ep → νeW+W−j → νeℓ+νℓ jjj at the LHeC and the FCC-
he with
√
s = 1.30, 1.98, 7.07 and 10 TeV has been shown in Tables III-VI. By examining
Tables III-VI, a comparison can be made about the cross sections as a function of the
anomalous quartic couplings. As seen from these Tables, the cross section of the process ep→
νeW
+W−j → νeℓ+νℓℓ−νℓj with
√
s = 10 TeV is up to five orders of magnitude larger than
that of the examined process with
√
s = 1.30 TeV. Similarly, the cross section of the process
ep → νeW+W−j → νeℓ+νℓ jjj has changed up to three orders of magnitude. Especially,
the largest deviation from the SM cross section between the cross sections including the
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anomalous couplings is seen in the cross section containing fT0
Λ4
coupling. In this case, we
expect that the obtained limits on fT0
Λ4
parameter should be more restrictive than the other
parameters.
III. MODEL INDEPENDENT SENSITIVITY ESTIMATES ON THE ANOMA-
LOUS QUARTIC WWWW COUPLINGS
We examine the potential of W+W− production at the future ep colliders, namely at
the LHeC and the FCC-he, on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
parameters of the anomalous quartic WWWW couplings. To realize our work, we focus on
the processes ep→ νeW+W−j with pure leptonic and semileptonic decay channels.
To study the sensitivity on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
pa-
rameters we apply χ2 test and investigate 95% Confidence Level sensitivities. The statistical
method χ2 test is given by
χ2 =
(
σSM − σNP
σSMδstat
)2
(27)
where δstat =
1√
NSM
is the statistical error, NSM = Lint × σSM .
In Tables VII-XVI, constraints on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
parameters at 1.30, 1.98, 7.07 and 10 TeV future hadron electron colliders via W+W− pro-
duction pure leptonic and semileptonic decay channels with different integrated luminosities
are shown. Table VII shows that the obtained limits on fS0
Λ4
and fS1
Λ4
couplings through the
process ep→ νeW+W−j with center-of-mass energy of 1.30 TeV and integrated luminosity
of 10 fb−1 are given as [-2.16; 2.00]× 103 TeV−4 and [-1.34; 1.33]× 103 TeV−4 which are
almost the same with the current limits obtained by the LHC, respectively. We see from
Table VIII that best sensitivities on fS0
Λ4
and fS1
Λ4
couplings are one order of magnitude better
than the experimental limits. However, the our limits for
√
s = 10 TeV with Lint = 1000
fb−1 from Table X are far beyond the sensitivities of the LHC.
Furthermore, we compare our calculations with the phenomenological work at the LHC.
In Ref. [36], the limits on the anomalous fS0
Λ4
and fS1
Λ4
couplings arising from dimension-
8 effective Lagrangians are calculated as [-2.20; 2.40]× 101 TeV−4 and [-2.50; 2.50]× 101
TeV−4, respectively. As can be seen in Table XIV, our best limits on these couplings by
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probing the process ep→ νeW+W−j → νeℓ+νℓ jjj are more restrictive with respect to the
limits obtained in Ref. [36]. Also, the best limits on fS1
Λ4
coupling for pure leptonic decay
channels of the W+W− production in the final state of the process ep → νeW+W−j at 10
TeV FCC-he with an integrated luminosity of 100 fb−1 are up to four times better than the
limits of Ref. [36].
In Snowmass paper [37], fT0
Λ4
coupling at 95% Confidence Level in pure leptonic channel
via the triboson production is examined. We observe that our best limit on this coupling
at
√
s = 10 TeV FCC-he with Lint = 1000 fb
−1 is almost twenty times worse than the best
limits derived in Snowmass paper for
√
s = 100 TeV with Lint = 3000 fb
−1.
Ref. [38] investigated the anomalous quartic couplings parameters fS0
Λ4
, fS1
Λ4
and fT0
Λ4
at 100
TeV future pp collider via WWW production pure leptonic decay channel with integrated
luminosity of 3000 fb−1. They found fS0
Λ4
= [−2.93; 3.04] TeV−4, fS1
Λ4
= [−1.30; 1.16] TeV−4
and fT0
Λ4
= [−3.69; 2.97]× 10−3 TeV−4. As understood from Table X, the limits on fS0
Λ4
and
fS1
Λ4
couplings derived by Ref. [38] are very close to our best limits, but the best limits we
find for fT0
Λ4
are one order of magnitude worse.
In the literature, in addition to the fS0
Λ4
, fS1
Λ4
and fT0
Λ4
parameters examined for the anoma-
lous WWWW couplings, we also investigate the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fT1
Λ4
and fT2
Λ4
parameters. The best limits on fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fT1
Λ4
and fT2
Λ4
parameters at the FCC-he with
√
s = 10 TeV and Lint = 1000 fb
−1 are obtained as [-2.47; 2.42]× 10−1 TeV−4, [-9.51; 9.41]×
10−1 TeV−1, [-1.76; 1.79] TeV−4, [-6.17; 5.46]× 10−2 TeV−4 and [-10.27; 9.98]× 10−2 TeV−4,
respectively.
Particularly, the sensitivity of the process ep → νeW+W−j to the anomalous fM0Λ4 , fM1Λ4 ,
fM7
Λ4
,fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
parameters rapidly increases with the center-of-mass energy and
the luminosity. As we can see from our results, we find that the process ep→ νeW+W−j is
the most sensitive to fT0
Λ4
coupling that has stronger energy dependence than other couplings.
To make our study more effective, for 10 TeV FCC-he with an integrated luminosity of
1000 fb−1, we find sensitivities on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings by using statistical significance
SS =
|σNP − σSM |√
σSM
Lint. (28)
For pure leptonic and semileptonic decay channels, 5(3)σ observation sensitivities on the
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anomalous couplings are given Tables XV-XVIII. For both decay channels, the obtained
limits using χ2 analysis at 95% Confidence Level are better than the best limits derived
from signal significance at 3σ and 5σ. Our best limits obtained on the anomalous couplings
by using statistical significance at 3σ are up to two times better than the best limits derived
for 5σ.
There are other studies on the anomalous quarticWWWW couplings through the nonlin-
ear parametrization for the electroweak symmetry breaking sector in the literature [5, 45, 46].
We can compare the limits obtained from these studies with our own limits via the following
relations [5]
α4 =
fS0
Λ4
υ4
8
, (29)
α4 + 2α5 =
fS1
Λ4
υ4
8
. (30)
However, in this study, we will only focus on the researches that examine the anomalous
quartic WWWW couplings through the linear parametrization for the electroweak symme-
try breaking sector.
IV. CONCLUSIONS
The new physics effects beyond the SM may appear in the electroweak sector that requires
to measure the gauge boson self-interactions. Possible deviation of the quartic gauge boson
couplings from the predictions of the SM would be a sign to new physics. The LHeC and
the FCC-he with a rich physics program can provide many important information to better
understand the SM and to probe new physics. In this study, we offer an analysis to constrain
the anomalous quartic gauge boson couplings in the electroweak sector by considering an
effective Lagrangian approach with the content of several dimension-8 operators.
The best sensitivities obtained from the process ep → νeW+W−j → νeℓ+νℓℓ−νℓj on the
anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings vary from the order of 100
to the order of 10−2. In addition, the best sensitivities derived on the anomalous fM0
Λ4
, fM1
Λ4
,
fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings from the process ep → νeW+W−j → νeℓ+νℓ jjj
change from the order of 101 to the order of 10−2.
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We observe that the best sensitivities obtained from pure leptonic decay channel can set
more stringent sensitive to the best sensitivity derived from the semileptonic channel. The
significance gain in pure leptonic channel is bigger than semileptonic channel, which may be
due to that the QCD backgrounds increase much faster than the pure leptonic background.
A prominent advantage of the process pp → WWW at the LHC is that it isolates
WWWW coupling from the other quartic couplings. As it can be understood by examining
the process diagrams, the anomalous quartic WWWW coupling by examining the process
ep → νeW+W−j can be distinguished the other anomalous quartic couplings. Therefore,
the examination of WWWW coupling alone is only specific to the pp and ep colliders.
Also, in this study, we give the first limits obtained on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fT1
Λ4
and fT2
Λ4
couplings derived by dimension-8 operators in the literature. For these reasons, ep
colliders such as the LHeC and FCC-he provide an ideal platform to probe the anomalous
quartic WWWW couplings.
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νFIG. 1: Schematic diagram for the process ep→ νeW+W−j.
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FIG. 2: For pure leptonic channel, the total cross sections dependences on the anomalous quartic
WWWW couplings fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
at 1.30 TeV LHeC. Here, the
anomalous quartic couplings are in units of GeV−4.
-1.×10-8 -5.×10-9 0 5.×10-9 1.×10-8
0.001
0.010
0.100
1
10
100
couplings
σ
(p
b
)
fM0/Λ
4
fM1/Λ
4
fM7/Λ
4
fS0/Λ
4
fS1/Λ
4
fT0/Λ
4
fT1/Λ
4
fT2/Λ
4
FIG. 3: The same as Fig. 2 but for 1.98 TeV LHeC.
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FIG. 4: For pure leptonic channel, the total cross sections dependences on the anomalous quartic
WWWW couplings fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
at 7.07 TeV FCC-he. Here, the
anomalous quartic couplings are in units of GeV−4.
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FIG. 5: The same as Fig. 4 but for 10 TeV FCC-he.
TABLE I: The anomalous quartic couplings modified by each dimension-8 effective Lagrangian are
marked with X.
WWWW WWZZ ZZZZ WWγZ WWγγ ZZZγ ZZγγ Zγγγ γγγγ
LS0,LS1 X X X
LM0,LM1,LM6,LM7 X X X X X X X
LM2,LM3,LM4,LM5 X X X X X X
LT0,LT1,LT2 X X X X X X X X X
LT5,LT6,LT7 X X X X X X X X
LT8,LT9 X X X X X
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FIG. 6: For semileptonic channel, the total cross sections dependences on the anomalous quartic
WWWW couplings fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
at 1.30 TeV LHeC. Here, the
anomalous quartic couplings are in units of GeV−4.
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FIG. 7: The same as Fig. 6 but for 1.98 TeV LHeC.
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FIG. 8: For semileptonic channel, the total cross sections dependences on the anomalous quartic
WWWW couplings fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
at 7.07 TeV FCC-he. Here, the
anomalous quartic couplings are in units of GeV−4.
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FIG. 9: The same as Fig. 8 but for 10 TeV FCC-he.
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TABLE II: Limits on the anomalous fS0
Λ4
, fS1
Λ4
and fT0
Λ4
parameters that determine the anomalous
quartic WWWW couplings in the literature.
L(fb−1)
√
s (TeV) fS0
Λ4
(TeV−4) fS1
Λ4
(TeV−4) fT0
Λ4
(TeV−4)
[35] 20.3 8 [−0.13; 0.18] × 104 [−0.21; 0.27] × 104 −
[36] 100 14 [−2.20; 2.40] × 101 [−2.50; 2.50] × 101 −
[38] 100 14 [−1.80; 1.80] × 102 [−2.70; 2.80] × 102 [−0.58; 0.59]
[37] 300 14 − − [−1.20; 1.20]
[37] 3000 14 − − [−0.60; 0.60]
[37] 3000 33 − − [−5.00; 5.00] × 10−2
[37] 1000 100 − − [−4.00; 4.00] × 10−3
[38] 3000 100 [−2.93; 3.04] [−1.30; 1.16] [−3.69; 2.97] × 10−3
[37] 3000 100 − − [−2.00; 2.00] × 10−3
TABLE III: The cross sections of signal for 103 TeV−4 value of anomalous fM0/Λ4, fM1/Λ4,
fM7/Λ
4, fS0/Λ
4, fS1/Λ
4, fT0/Λ
4, fT1/Λ
4 and fT2/Λ
4 after cuts given in Eqs. 21-23 of the process
ep→ νeW+W−j → νeℓ+νℓℓ−νℓj at the LHeC with
√
s = 1.30 and 1.98 TeV. The SM cross sections
of the process for
√
s = 1.30 and 1.98 TeV are 1.07 × 10−4 pb and 4.60 × 10−4 pb, respectively.
Couplings Signal at 1.30 TeV LHeC (pb) Signal at 1.98 TeV LHeC (pb)
fM0/Λ
4 1.66 ×10−3 0.06
fM1/Λ
4 2.40 ×10−4 5.39 ×10−3
fM7/Λ
4 1.41 ×10−4 1.99 ×10−3
fS0/Λ
4 1.60 ×10−4 1.63 ×10−3
fS1/Λ
4 2.20 ×10−4 3.42 ×10−3
fT0/Λ
4 5.66 ×10−2 2.31
fT1/Λ
4 2.30 ×10−2 9.93 ×10−1
fT2/Λ
4 7.52 ×10−3 3.12 ×10−1
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TABLE IV: The cross sections of signal for 102 TeV−4 value of anomalous fM0/Λ4, fM1/Λ4,
fM7/Λ
4, fS0/Λ
4, fS1/Λ
4, fT0/Λ
4, fT1/Λ
4 and fT2/Λ
4 after cuts given in Eqs. 21-23 of the process
ep→ νeW+W−j → νeℓ+νℓℓ−νℓj at the FCC-he with
√
s = 7.07 and 10 TeV. The SM cross sections
of the process for
√
s = 7.07 and 10 TeV are 3.60 × 10−3 pb and 7.35 × 10−3 pb, respectively.
Couplings Signal at 7.07 TeV FCC-he (pb) Signal at 10 TeV FCC-he (pb)
fM0/Λ
4 1.46 28.01
fM1/Λ
4 0.10 1.94
fM7/Λ
4 0.03 0.52
fS0/Λ
4 6.86 ×10−3 5.77 ×10−2
fS1/Λ
4 1.55 ×10−2 1.62 ×10−1
fT0/Λ
4 57.65 1.20 ×103
fT1/Λ
4 25.91 5.29 ×102
fT2/Λ
4 8.45 1.70 ×102
TABLE V: The cross sections of signal for 103 TeV−4 value of anomalous fM0/Λ4, fM1/Λ4, fM7/Λ4,
fS0/Λ
4, fS1/Λ
4, fT0/Λ
4, fT1/Λ
4 and fT2/Λ
4 after cuts given in Eqs. 24-26 of the process ep →
νeW
+W−j → νeℓ+νℓ jjj at the LHeC with
√
s = 1.30 and 1.98 TeV. The SM cross sections of the
process for
√
s = 1.30 and 1.98 TeV are 2.39 × 10−4 pb and 1.01 × 10−3 pb, respectively.
Couplings Signal at 1.30 TeV LHeC (pb) Signal at 1.98 TeV LHeC (pb)
fM0/Λ
4 6.77 ×10−3 0.14
fM1/Λ
4 7.32 ×10−4 1.21 ×10−2
fM7/Λ
4 3.80 ×10−4 4.10 ×10−3
fS0/Λ
4 3.65 ×10−4 3.87 ×10−3
fS1/Λ
4 7.83 ×10−4 1.04 ×10−2
fT0/Λ
4 2.28 ×10−1 5.70
fT1/Λ
4 8.15 ×10−2 2.34
fT2/Λ
4 2.76 ×10−2 7.25 ×10−1
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TABLE VI: The cross sections of signal for 102 TeV−4 value of anomalous fM0/Λ4, fM1/Λ4,
fM7/Λ
4, fS0/Λ
4, fS1/Λ
4, fT0/Λ
4, fT1/Λ
4 and fT2/Λ
4 after cuts given in Eqs. 24-26 of the process
ep→ νeW+W−j → νeℓ+νℓ jjj at the FCC-he with
√
s = 7.07 and 10 TeV. The SM cross sections
of the process for
√
s = 7.07 and 10 TeV are 8.41 × 10−3 pb and 1.62 × 10−2 pb, respectively.
Couplings Signal at 7.07 TeV FCC-he (pb) Signal at 10 TeV FCC-he (pb)
fM0/Λ
4 0.54 2.68
fM1/Λ
4 4.25 ×10−2 2.06 ×10−1
fM7/Λ
4 1.33 ×10−2 4.78 ×10−2
fS0/Λ
4 9.94 ×10−3 2.68 ×10−2
fS1/Λ
4 2.15 ×10−2 7.40 ×10−2
fT0/Λ
4 50.30 2.86 ×102
fT1/Λ
4 1.56 ×101 1.00 ×102
fT2/Λ
4 5.75 3.46 ×101
TABLE VII: Limits on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings at 1.30
TeV LHeC through W+W− production pure leptonic decay channel with integrated luminosities
of 10, 30, 50 and 100 fb−1. Here, the obtained anomalous quartic couplings are in units of TeV−4.
Couplings 10 fb−1 30 fb−1 50 fb−1 100 fb−1
fM0/Λ
4 [-3.72;3.59] ×102 [-2.84;2.71] ×102 [-2.51;2.38] ×102 [-2.12;1.99] ×102
fM1/Λ
4 [-1.22;1.19] ×103 [-9.28;9.00]×102 [-8.18;7.91] ×102 [-6.90;6.63]×102
fM7/Λ
4 [-2.15;2.32]×103 [-1.62;1.78]×103 [-1.41;1.58]×103 [-1.18;1.34]×103
fS0/Λ
4 [-2.16;2.00] ×103 [-1.66;1.50] ×103 [-1.47;1.31] ×103 [-1.25;1.09] ×103
fS1/Λ
4 [-1.34;1.33] ×103 [-1.02;1.01] ×103 [-8.96;8.85] ×102 [-7.54;7.44] ×102
fT0/Λ
4 [-5.75;6.20] ×101 [-4.32;4.77] ×101 [-3.77;4.23] ×101 [-3.14;3.59] ×101
fT1/Λ
4 [-9.67;9.05] ×101 [-7.43;6.81] ×101 [-6.58;5.95] ×101 [-5.58;4.96] ×101
fT2/Λ
4 [-1.75;1.52] ×102 [-1.36;1.13] ×102 [-1.21;0.98] ×101 [-1.04;0.81] ×102
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TABLE VIII: The same as Table VII but for 1.98 TeV LHeC.
Couplings 10 fb−1 30 fb−1 50 fb−1 100 fb−1
fM0/Λ
4 [-8.45;8.40] ×101 [-6.42;6.38] ×101 [-5.66;5.61] ×101 [-4.76;4.72] ×101
fM1/Λ
4 [-2.92;2.91] ×102 [-2.22;2.21]×102 [-1.95;1.94] ×102 [-1.64;1.63]×102
fM7/Λ
4 [-5.33;5.37]×102 [-4.04;4.08]×102 [-3.56;3.59]×102 [-2.99;3.03]×102
fS0/Λ
4 [-6.03;5.95] ×102 [-4.59;4.51] ×102 [-4.04;3.96] ×102 [-3.41;3.33] ×102
fS1/Λ
4 [-3.78;3.77] ×102 [-2.88;2.87] ×102 [-2.53;2.52] ×102 [-2.13;2.12] ×102
fT0/Λ
4 [-1.34;1.38] ×101 [-1.01;1.05] ×101 [-8.89;9.29] [-7.44;7.85]
fT1/Λ
4 [-2.13;1.99] ×101 [-1.63;1.50] ×101 [-1.45;1.31] ×101 [-1.23;1.09] ×101
fT2/Λ
4 [-3.71;3.66] ×101 [-2.83;2.79] ×101 [-2.49;2.44] ×101 [-2.10;2.05] ×101
TABLE IX: Limits on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings at 7.07
TeV FCC-he through W+W− production pure leptonic decay channel with integrated luminosities
of 100, 300, 500 and 1000 fb−1. Here, the obtained anomalous quartic couplings are in units of
TeV−4.
Couplings 100 fb−1 300 fb−1 500 fb−1 1000 fb−1
fM0/Λ
4 [-1.60;1.58] [-1.22;1.20] [-1.07;1.05] [-9.04;8.85] ×10−1
fM1/Λ
4 [-6.14;6.11] [-4.67;4.64] [-4.11;4.08] [-3.46;3.43]
fM7/Λ
4 [-1.14;1.18]×101 [-8.58;9.03] [-7.52;7.97] [-6.29;6.74]
fS0/Λ
4 [-3.35;3.33] ×101 [-2.54;2.53] ×101 [-2.24;2.22] ×101 [-1.89;1.87] ×101
fS1/Λ
4 [-1.80;1.73] ×101 [-1.37;1.31] ×101 [-1.21;1.15] ×101 [-10.26;9.61]
fT0/Λ
4 [-2.04;2.99] ×10−1 [-1.46;2.41] ×10−1 [-1.24;2.19] ×10−1 [-0.99;1.94] ×10−1
fT1/Λ
4 [-3.86;3.78] ×10−1 [-2.94;2.87] ×10−1 [-2.60;2.52] ×10−1 [-2.19;2.11] ×10−1
fT2/Λ
4 [-6.97;6.41] ×10−1 [-5.37;4.81] ×10−1 [-4.76;4.20] ×10−1 [-4.05;3.49] ×10−1
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TABLE X: The same as Table IX but for 10 TeV FCC-he.
Couplings 100 fb−1 300 fb−1 500 fb−1 1000 fb−1
fM0/Λ
4 [-4.37;4.32] ×10−1 [-3.32;3.28] ×10−1 [-2.93;2.88] ×10−1 [-2.47;2.42] ×10−1
fM1/Λ
4 [-1.69;1.68] [-1.28;1.27] [-1.13;1.12] [-9.51;9.41]×10−1
fM7/Λ
4 [-3.14;3.17] [-2.38;2.41] [-2.10;2.12] [-1.76;1.79]
fS0/Λ
4 [-1.06;1.02] ×101 [-8.09;7.72] [-7.14;6.78] [-6.04;5.67]
fS1/Λ
4 [-5.84;5.69] [-4.45;4.31] [-3.93;3.78] [-3.31;3.17]
fT0/Λ
4 [-6.70;6.94] ×10−2 [-5.06;5.30] ×10−2 [-4.44;4.68] ×10−2 [-3.72;3.96] ×10−2
fT1/Λ
4 [-1.07;1.00] ×10−1 [-8.21;7.49] ×10−2 [-7.27;6.55] ×10−2 [-6.17;5.46] ×10−2
fT2/Λ
4 [-1.81;1.79] ×10−1 [-1.38;1.35] ×10−1 [-1.22;1.19] ×10−1 [-10.27;9.98] ×10−2
TABLE XI: Limits on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings at 1.30
TeV LHeC through W+W− production semileptonic decay channel with integrated luminosities of
10, 30, 50 and 100 fb−1. Here, the obtained anomalous quartic couplings are in units of TeV−4.
Couplings 10 fb−1 30 fb−1 50 fb−1 100 fb−1
fM0/Λ
4 [-2.18;2.16] ×102 [-1.66;1.64] ×102 [-1.46;1.45] ×102 [-1.23;1.21] ×102
fM1/Λ
4 [-7.82;7.53] ×102 [-5.98;5.69]×102 [-5.28;4.99] ×102 [-4.46;4.18]×102
fM7/Λ
4 [-1.53;1.66]×103 [-1.15;1.28]×103 [-1.00;1.13]×103 [-8.38;9.61]×102
fS0/Λ
4 [-1.54;1.50] ×103 [-1.18;1.13] ×103 [-1.04;1.00] ×103 [-8.77;8.34] ×102
fS1/Λ
4 [-7.47;7.37] ×102 [-5.68;5.58] ×102 [-5.01;4.91] ×102 [-4.22;4.12] ×102
fT0/Λ
4 [-3.55;3.69] ×101 [-2.68;2.82] ×101 [-2.35;2.49] ×101 [-1.97;2.11] ×101
fT1/Λ
4 [-6.28;5.94] ×101 [-4.81;4.48] ×101 [-4.25;3.92] ×101 [-3.61;3.27] ×101
fT2/Λ
4 [-1.09;0.98] ×102 [-8.46;7.30] ×101 [-7.52;6.36] ×101 [-6.43;5.27] ×101
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TABLE XII: The same as Table XI but for 1.98 TeV LHeC.
Couplings 10 fb−1 30 fb−1 50 fb−1 100 fb−1
fM0/Λ
4 [-6.82;6.62] ×101 [-5.21;5.00] ×101 [-4.59;4.39] ×101 [-3.88;3.68] ×101
fM1/Λ
4 [-2.43;2.27] ×102 [-1.87;1.70]×102 [-1.65;1.49] ×102 [-1.41;1.24]×102
fM7/Λ
4 [-4.39;4.71]×102 [-3.30;3.62]×102 [-2.89;3.20]×102 [-2.41;2.72]×102
fS0/Λ
4 [-4.60;4.58] ×102 [-3.50;3.47] ×102 [-3.08;3.06] ×102 [-2.59;2.57] ×102
fS1/Λ
4 [-2.57;2.54] ×102 [-1.96;1.93] ×102 [-1.73;1.69] ×102 [-1.45;1.42] ×102
fT0/Λ
4 [-1.02;1.06] ×101 [-7.71;8.13] [-6.76;7.18] [-5.65;6.07]
fT1/Λ
4 [-1.65;1.64] ×101 [-1.26;1.25] ×101 [-1.11;1.10] ×101 [-9.30;9.20]
fT2/Λ
4 [-2.95;2.90] ×101 [-2.25;2.20] ×101 [-1.98;1.93] ×101 [-1.67;1.62] ×101
TABLE XIII: Limits on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
, fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings at 7.07
TeV FCC-he through W+W− production semileptonic decay channel with integrated luminosities
of 100, 300, 500 and 1000 fb−1. Here, the obtained anomalous quartic couplings are in units of
TeV−4.
Couplings 100 fb−1 300 fb−1 500 fb−1 1000 fb−1
fM0/Λ
4 [-3.41;3.20] [-2.61;2.41] [-2.31;2.11] [-1.96;1.76]
fM1/Λ
4 [-1.27;1.25] ×101 [-9.67;9.45] [8.53;8.31] [-7.19;6.97]
fM7/Λ
4 [-3.43;3.44]×101 [-2.60;2.62] ×101 [-2.29;2.30] ×101 [-1.92;1.94] ×101
fS0/Λ
4 [-5.65;5.59] ×101 [-4.30;4.24] ×101 [-3.79;3.73] ×101 [-3.19;3.13] ×101
fS1/Λ
4 [-2.08;2.05] ×101 [-1.59;1.55] ×101 [-1.40;1.37] ×101 [-1.18;1.15] ×101
fT0/Λ
4 [-3.23;3.57] ×10−1 [-2.42;2.75] ×10−1 [-2.11;2.45] ×10−1 [-1.75;2.09] ×10−1
fT1/Λ
4 [-6.14;6.10] ×10−1 [-4.67;4.63] ×10−1 [-4.11;4.08] ×10−1 [-3.46;3.42] ×10−1
fT2/Λ
4 [-1.03;0.96] [-7.93;7.20] ×10−1 [-7.02;6.30] ×10−1 [-5.97;5.24] ×10−1
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TABLE XIV: The same as Table XIII but for 10 TeV FCC-he.
Couplings 100 fb−1 300 fb−1 500 fb−1 1000 fb−1
fM0/Λ
4 [-1.95;1.58] [-1.53;1.16] [-1.38;1.01] [-1.19;0.82]
fM1/Λ
4 [-6.79;6.56] [-5.19;4.96] [-4.58;4.35] [-3.87;3.64]
fM7/Λ
4 [-1.53;1.55] ×101 [-1.16;1.18] ×101 [-1.02;1.04] ×101 [-8.59;8.77]
fS0/Λ
4 [-2.83;2.77] ×101 [-1.90;1.84] ×101 [-1.92;1.72] ×101 [-1.60;1.54] ×101
fS1/Λ
4 [-1.19;1.18] ×101 [-9.03;8.96] [-7.95;7.88] [-6.69;6.62]
fT0/Λ
4 [-1.75;1.75] ×10−1 [-1.33;1.33] ×10−1 [-1.17;1.17] ×10−1 [-9.82;9.86] ×10−2
fT1/Λ
4 [-2.92;2.88] ×10−1 [-2.23;2.18] ×10−1 [-1.96;1.92] ×10−1 [-1.65;1.61] ×10−1
fT2/Λ
4 [-4.94;4.87] ×10−1 [-3.77;3.69] ×10−1 [-3.32;3.25] ×10−1 [-2.80;2.72] ×10−1
TABLE XV: For 10 TeV FCC-he with integrated luminosities of 100, 300, 500 and 1000 fb−1
through W+W− production pure leptonic decay channel, limits on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
,
fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings by using statistical significance at 3σ. Here, the obtained
anomalous quartic couplings are in units of TeV−4.
Couplings (TeV−4) 100 fb−1 300 fb−1 500 fb−1 1000 fb−1
fM0/Λ
4 [-5.38;5.34] ×10−1 [-4.10;4.05] ×10−1 [-3.61;3.56] ×10−1 [-3.04;2.99] ×10−1
fM1/Λ
4 [-2.08;2.07] [-1.58;1.57] [-1.39;1.38] [-1.17;1.16]
fM7/Λ
4 [-3.88;3.91] [-2.94;2.97] [-2.59;2.62] [-2.18;2.20]
fS0/Λ
4 [-1.30;1.26] ×101 [-9.93;9.57] [-8.77;8.40] [-7.40;7.03]
fS1/Λ
4 [-7.18;7.04] [-5.47;5.33] [-4.83;4.68] [-4.07;3.93]
fT0/Λ
4 [-8.29;8.53] ×10−2 [-6.27;6.51] ×10−2 [-5.51;5.74] ×10−2 [-4.61;4.85] ×10−2
fT1/Λ
4 [-1.31;1.24] ×10−1 [-1.00;0.93] ×10−1 [-8.88;8.16] ×10−2 [-7.52;6.81] ×10−2
fT2/Λ
4 [-2.23;2.21] ×10−1 [-1.70;1.67] ×10−1 [-1.50;1.47] ×10−1 [-1.26;1.23] ×10−1
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TABLE XVI: The same as Table XV but for statistical significance at 5σ.
Couplings (TeV−4) 100 fb−1 300 fb−1 500 fb−1 1000 fb−1
fM0/Λ
4 [-6.94;6.90] ×10−1 [-5.28;5.24] ×10−1 [-4.65;4.61] ×10−1 [-3.91;3.87] ×10−1
fM1/Λ
4 [-2.68;2.67] [-2.04;2.03] [-1.80;1.79] [-1.51;1.50]
fM7/Λ
4 [-5.01;5.04] ×101 [-3.80;3.83] [-3.35;3.37] [-2.81;2.84]
fS0/Λ
4 [-1.67;1.64] ×101 [-1.27;1.24] ×101 [-1.13;1.09] ×101 [-9.50;9.13]
fS1/Λ
4 [-9.25;9.10] [-7.04;6.90] [-6.21;6.07] [-5.23;5.09]
fT0/Λ
4 [-1.07;1.10] ×10−1 [-8.13;8.37] ×10−2 [-7.14;7.38] ×10−2 [-5.99;6.23] ×10−2
fT1/Λ
4 [-1.68;1.61] ×10−1 [-1.28;1.21] ×10−1 [-1.14;1.06] ×10−1 [-9.61;8.89] ×10−2
fT2/Λ
4 [-2.88;2.85] ×10−1 [-2.19;2.16] ×10−1 [-1.93;1.90] ×10−1 [-1.63;1.60] ×10−1
TABLE XVII: For 10 TeV FCC-he with integrated luminosities of 100, 300, 500 and 1000 fb−1
through W+W− production semileptonic decay channel, limits on the anomalous fM0
Λ4
, fM1
Λ4
, fM7
Λ4
,
fS0
Λ4
, fS1
Λ4
, fT0
Λ4
, fT1
Λ4
and fT2
Λ4
couplings by using statistical significance at 3σ. Here, the obtained
anomalous quartic couplings are in units of TeV−4.
Couplings 100 fb−1 300 fb−1 500 fb−1 1000 fb−1
fM0/Λ
4 [-2.22;2.04] [-1.71;1.53] [-1.52;1.33] [-1.29;1.11]
fM1/Λ
4 [-8.38;8.15] [-6.39;6.16] [-5.64;5.41] [-4.76;4.53]
fM7/Λ
4 [-1.90;1.92] ×101 [-1.44;1.46] ×101 [-1.27;1.29] ×101 [-1.06;1.08]×101
fS0/Λ
4 [-3.49;3.43] ×101 [-2.66;2.60] ×101 [-2.35;2.29] ×101 [-1.98;1.92] ×101
fS1/Λ
4 [-1.47;1.46] ×101 [-9.03;8.96]×101 [-7.95;7.88]×101 [-6.69;6.62]×101
fT0/Λ
4 [-2.16;2.17] ×10−1 [-1.64;1.65] ×10−1 [-1.44;1.45] ×10−1 [-1.21;1.22] ×10−1
fT1/Λ
4 [-3.61;3.56] ×10−1 [-2.75;2.70] ×10−1 [-2.42;2.38] ×10−1 [-2.04;1.99] ×10−1
fT2/Λ
4 [-6.11;6.04] ×10−1 [-4.65;4.58] ×10−1 [-4.10;4.02] ×10−1 [-3.45;3.38] ×10−1
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TABLE XVIII: The same as Table XVII but for statistical significance at 5σ.
Couplings (TeV−4) 100 fb−1 300 fb−1 500 fb−1 1000 fb−1
fM0/Λ
4 [-2.84;2.66] [-2.18;2.00] [-1.93;1.75] [-1.64;1.46]
fM1/Λ
4 [-1.08;1.06]×101 [-8.22;7.99] [-7.25;7.02] [-6.11;5.88]
fM7/Λ
4 [-2.45;2.47] ×101 [-1.86;1.88]×101 [-1.64;1.66]×101 [-1.38;1.40]×101
fS0/Λ
4 [-4.50;4.44] ×101 [-3.43;3.37] ×101 [-3.02;2.96] ×101 [-2.54;2.48]×101
fS1/Λ
4 [-1.89;1.88] ×101 [-1.44;1.43]×101 [-1.27;1.26]×101 [-1.07;1.06]×101
fT0/Λ
4 [-2.79;2.80] ×10−1 [-2.12;2.13] ×10−1 [-1.86;1.87] ×10−1 [-1.56;1.57] ×10−1
fT1/Λ
4 [-4.66;4.61] ×10−1 [-3.54;3.50] ×10−1 [-3.12;3.07] ×10−1 [-2.63;2.68] ×10−1
fT2/Λ
4 [-7.88;7.80] ×10−1 [-5.99;5.92] ×10−1 [-5.28;5.21] ×10−1 [-4.45;4.37] ×10−1
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